Size and shape tuneable ZnO nanostructures were prepared by a low frequency ultrasound (42 kHz) route using various organic solvents as the reaction media. The crystalline nature, lattice parameters and microstructural parameters such as microstrain, stress and energy density of the prepared ZnO nanostructures were revealed through X-ray diffraction (XRD) analysis. The organic solvents influenced the size and morphology of the ZnO nanostructures, and interesting morphological changes involving a spherical to triangular shaped transition were observed. The visible emission properties and lattice vibrational characteristics of the nanostructures were drastically modified by the changes in size and shape. Raman spectral measurements revealed the presence of multiphonon processes in the ZnO nanostructures. The intensity of the visible emission band was found to vary with the size and morphology of the structures. The strongest visible emission band corresponded to the structure with the largest surface/volume ratio and could be attributed to surface oxygen vacancies. The control over the size and morphology of ZnO nanostructures has been presented as a means of determining the intensity of the visible emission band.
Introduction
Zinc oxide (ZnO) structures with different sizes and shapes have been the subject of numerous studies in recent decades because of their versatile properties. 1 In particular, the size of ZnO particles has been adjusted in order to tune the emission from the band gap and defects. 2 This material shows interesting properties in the nanoscale region. In this region, ZnO is expected to possess novel physical and chemical properties compared to the respective bulk counterpart.
3 Naturally, ZnO is a II-VI wide band gap semiconductor with a band gap of 3.37 eV and a high exciton binding energy (60 meV) at room temperature compared with other semiconductors in this family. ZnO has a wide range of applications in electronic and optoelectronic devices, 4 solar cells, 5 photodetectors 6,7 and as an environmental material in photocatalysis, 8 gas sensors 9 and antibacterial activity. 10 These properties are highly dependent on the particle size, morphology and surface area, and hence nanosized ZnO is receiving great attention because of its high surface area. ZnO nanostructures with different sizes and shapes exhibit promising properties particularly for applications in short wavelength optoelectronic devices and sensors. Several routes, such as solvothermal, 11 hydrothermal, 12 microwave, 13 combustion 14 and sonochemical, 15 have been developed to synthesis ZnO nanostructures with different sizes and shapes. The preparations of different sized and shaped nanostructures are closely associated with different parameters such as pH, 16 temperature, 17 growth technique 18 and solvent. 19 There are numerous reports available in the literature of ZnO nanostructures with different sizes and shapes, but limited reports are available on the microstructural parameters which determine the optical properties of ZnO nanostructures. For instance, Patete et al. 20 have published a detailed review on the viable methodologies for the synthesis of various kinds of nanostructures with different sizes and shapes for various applications. Ghosh et al. 21 have reported the effects of size and aspect ratio on structural parameters in ZnO nanostructures. Recently, Chandraiahgari and his group 22 have reported simple preparation techniques for the large-scale synthesis of ZnO nanorods with a narrow size distribution. Their results showed that the various process parameters, such as precursor amount and growth time, played an important role in controlling the formation of nanostructures with high uniformity in size and morphology. The effects of solvents on size, shape, and magnetic and photoluminescence properties of ZnO nanostructures have been reported by Clavel and his group, 23 Hu et al. 24 and Foo and colleagues. 25 Fang et al. 26 have reported a detailed study on the synthesis of one-dimensional inorganic semiconductor nanostructures for nanosensor applications. The shape dependence of the photoluminescence of ZnO nanocrystals was studied by Andelman et al. 27 Similarly, Ye et al. 28 have prepared various morphological ZnO nanostructures and have investigated, in detail, their morphology derivation and evolution. Enhanced photocatalytic activities of ZnO nanostructures with various morphologies synthesized with different organic solvents were studied by Pimentel et al.
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Reports are available on the observation of anomalous modes in the Raman spectra which do not correspond to the rst/second order Raman modes of undoped and doped wurtzite-ZnO nanostructures. For instance, the observation of disorder-activated anomalous Raman silent modes was reported by Manjon et al. 30 as well as Scepanovic and his coworkers. 31 Cuscó et al. 32 have reported a detailed investigation of Raman modes in high quality ZnO single crystals over a temperature range from 80 to 750 K. Yadav et al. 33 and Zeferino et al. 34 have identied that a dopant can induce the activation of Raman silent modes in ZnO nanostructures, due to the relaxation of Raman selection rules produced by the breakdown of the translational symmetry of the crystal lattice with the replacement of Zn in the lattice by the dopant ion. Kunert et al. 35 have done the detailed studies on the derivation of Raman selection rules for the multiphonon processes in ZnO lattices. However, to the best of our knowledge, a systematic investigation of solvent effects on microstructure and optical properties of ZnO nanostructures has not yet been reported. Polar protic solvents achieve ZnO nanostructures with controlled size and high homogeneity. This is important for tuning the physical and chemical properties of nanoparticles, and especially for engineering the band gap and defect properties for optoelectronic device applications. Owing to the importance of ZnO nanostructures in various technological applications, size and morphology tuneable ZnO nanostructures were prepared in this report, by the low frequency ultrasonic (42 kHz) route using various polar protic solvents as the reaction media. An attempt was made to study the effects of the different organic solvents on the microstructure and presence of anomalous Raman modes. We also explored the visible emission properties of the nanostructures with respect to their size and shape, and the results are reported in detail.
Experimental

Materials
Zinc acetate dihydrate Zn(CH 3 $COO) 2 $2H 2 O, sodium hydroxide (NaOH), ethanol (CH 3 CH 2 OH), isopropanol (C 3 H 8 O), methanol (CH 3 OH) and 1-butanol (C 4 H 9 OH) were purchased from SigmaAldrich. All the reactants were used as received without further purication. The molecular structures of these solvents are shown in ESI Fig. 1 . †
Synthesis of ZnO nanostructures
Different sizes of ZnO nanostructures were prepared by low frequency ultrasound (42 kHz) using various organic solvents (ethanol, methanol, isopropanol and 1-butanol) and double distilled water, keeping all other reaction parameters the same. Briey, ZnO nanostructures were prepared by adding, dropwise, 100 mL of 0.1 M NaOH dissolved in solvent (ethanol, methanol, isopropanol, 1-butanol and double distilled water, separately) into 100 mL of 0.05 M zinc acetate dihydrate (Zn(CH 3 COO)$2H 2 O) dissolved in solvent (ethanol, methanol, isopropanol, 1-butanol and double distilled water, separately). These mixtures were irradiated separately under continuous ultrasound (42 kHz) for 2 hours. The white coloured dispersions formed were kept at room temperature for 16 hours to get the precipitates. The as-formed precipitates were washed several times with distilled water to remove the unreacted products. The nal products were collected and dried in a hot air oven at 60 C for 8 hours. The samples were codenamed UE, UM, UI, UB and UW for ethanol, methanol, isopropanol, 1-butanol and water solvents, respectively.
Characterization
The size, shape and morphology of the prepared particles were characterized by high resolution transmission electron microscopy (HR-TEM, FEI TITAN G2 80-300) operated at 300 kV, and transmission electron microscopy (TEM, JEOL Model JSM-6390LV) and the elemental analysis is done using Energy dispersive spectroscopy (JOEL Model JSM-6390LV). To identify the crystalline nature and purity of each sample, the ZnO nanoparticles were investigated by X-ray diffraction (XRD) (Bruker, D4 Endeavor). The X-ray diffractometer used Cu-Ka radiation xed at 40 kV and 30 mA. The measurements were made with an XRD angle (2q) in the range of 20-80 . The specic surface area of the prepared nanostructures was measured using the Brunauer-Emmett-Teller (BET) method (Flowsorb II 2300 Micrometrics, Inc). Raman spectral measurements were carried out using a micro Raman spectrometer (JobinYvon) with the 532 nm line of an argon ion laser as the exciting light source with 4 mW power. Fourier transform infrared spectroscopy (FTIR) absorption measurements were carried out using a PerkinElmer spectrometer and the KBr pellet technique in the range 4000-400 cm
À1
. The optical properties of the prepared nanostructures were characterized using absorption spectroscopy and photoluminescence (PL) spectroscopy at room temperature. The UV-visible-NIR spectra were recorded using a Shimadzu dual beam spectrometer in the range 200-900 nm, and the room temperature PL measurements were done using a PerkinElmer uorimeter at an excitation wavelength of 330 nm.
Results and discussion
Structural properties
Typical TEM images of the ZnO nanostructures mediated by organic solvents (UI, UE, UB and UM) and water (UW) are presented in Fig. 1 . The images reveal that the ZnO nanostructures prepared using an alcohol medium exhibit spherical morphology, whereas water mediated ZnO nanostructures show triangular shaped structures. The particle size distribution is shown in Fig. S2 . † Energy-dispersive X-ray spectroscopy (EDS) reveals peaks at 1.01, 8.63, and 9.60 keV which correspond to the Zn, and a peak located at 0.52 keV which is assigned to the oxygen ion. HRTEM images of the ZnO nanostructures are shown in Fig. 2 . The images clearly show that the particles are in distorted spherical and hexagonal structures. The ZnO nanostructures prepared using isopropanol and methanol solvents show some hollow pores in the lattice plane, which are of nanometer size.
Based on the experimental results, the various stages involved in the formation of ZnO nanostructures under precipitation conditions are outlined below:
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In the presence of an aqueous medium (organic solvents and water)
The addition of NaOH solution into the zinc acetate solutions causes the reactions
The organic solvents play an important role in the formation of ZnO nanostructures. Spherical particles were obtained when the organic solvents were used to prepare ZnO, and triangular structures were obtained when water was used as a solvent. This is due to the difference in the polarity of the solvents. The water has a stronger polarity than any of the organic solvents; the relatively weak polarity of the organic solvents may limit ZnO growth along the c-axis and favour isotropic growth. Similar kinds of results have been reported by Yan et al. 37 in which ethanol-water mixtures have been used to control the morphologies of ZnO nanostructures. The schematic representation of the growth mechanism is shown in Fig. 3 .
Specic surface area (SSA) is one of the important microstructural parameters of materials in determining the nature of porosity, and it is of considerable interest in the elds of catalysis, sensors, lters and pharmaceuticals.
38 Fig. 4 The broadening of the FWHM was dependent on the size and shape of the nanostructures, and the crystallite size was estimated using the Debye-Scherrer formula. 39 The obtained values were found to be $13, 15, 17, 21, and 38 nm corresponding to UE, UI, UB, UM and UW samples, respectively.
In general, the lattice parameters of semiconductor nanostructures depend on the concentration of dopant ion, structural defects, external strain and the difference of dopant ionic radius with respect to the host matrix ion.
3 The lattice parameters, 'a' axis, 'c' axis and unit cell volume 'v', were calculated through the following relations:
and
The calculated lattice parameters 'a', 'c' and 'v' are shown in Fig. 6(a-c) . In the present study, the differences in defects and microstrain in the samples cause a variation in the lattice constants. The solvent effect on the ZnO bond length was analysed and is shown in Fig. 6(d) . The bond length was calculated by using the relation:
where, 'a', and 'c' are lattice parameters and 'u p ' is the positional parameter which is a measure of the amount by which each atom is displaced with respect to the next, along the 'c' axis. 'u p ' can be calculated by the formula:
The variation of Zn-O bond length in the different solvents is shown in Fig. 6(d) .
Microstructural calculations
X-ray prole analysis is a simple and powerful technique to quantify the crystallite size and lattice strain. Williamson-Hall proposed that the broadening of a diffraction line is due to the combination of the crystallite size and strain as a function of the diffraction angle and can be written in the form of a mathematical expression:
where, b t is due to the crystallite size contribution, b 3 is due to strain induced broadening and b hkl is the width of the half maximum intensity of the individual diffracted peak. The width of each diffraction line is a combined effect of both instrumental and sample contributions. In order to decompose line broadening effects from the instrumental contribution, a standard silicon (Si) sample was used. The instrumental corrected line broadening of each diffraction peak was calculated through the relation:
where, b instrumental is the broadening due to the instrumental contribution. The diffraction peaks were tted using the Pearson VII function to calculate the FWHM. The crystallite size (t) contribution can be calculated by using the Scherrer formula:
where, k is the shape factor, l is the wavelength of the X-ray used (0.154056 nm) and b t is the FWHM of the diffracted peak. Similarly, the strain contribution can be evaluated by the relation:
where, '3' is the microstrain. It is clear that the line broadening is a combination of the crystallite size and strain contribution, and it is represented by the mathematical formula:
This can be further simplied as follows:
The calculated value of b hkl cos q hkl as a function of 4 sin q hkl is plotted and is shown in ESI Fig. 3 . † This model is known as the uniform deformation model (UDM).
In UDM, microstrain (3) is assumed to be isotropic (uniform in all the crystallographic directions), but this assumption is no longer valid since the microstructural properties vary with the crystallographic directions. Microstrain can be correlated with stress, which is directionally dependent. In the uniform deformation stress model (UDSM), the uniform deformation stress (s) is expressed as: 
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where, E hkl is the Young's modulus in the direction perpendicular to the (hkl) plane and 3 hkl is the anisotropic microstrain, dependent on the crystallographic directions. For the hexagonal crystals, the Young's modulus could be obtained through the following relation:
where, 'a' and 'c' are lattice parameters and S 11 , S 33 , S 13 
s can be obtained estimated from the slope of the linear t of the graph which is plotted between b hkl cos q hkl and 4 sin q/E hkl , and is shown in ESI Fig. 4. † Fig. 7 depicts the variation of microstrain and stress with the solvents. Similarly, the Young's modulus and 3 hkl are connected to the density of deformation energy 'u' through the relation:
Substituting eqn (15) into eqn (11), the W-H relation becomes:
The value 'u' can be obtained from the plot between 2 5/2 sin q hkl E À1/2 hkl vs. b hkl cos q hkl which is shown in ESI Fig. 5 , † and the value of uniform energy density is shown in Fig. 7 . This model is known as the uniform deformation energy density model (UDEDM).
Vibrational properties
Raman spectra. Raman spectroscopy is a non-destructive testing tool used to study the vibrational properties of bulk/ nanostructured materials, and specically to identify dopant ions in the lattice plane, secondary phase formation, and structural disorder properties of nanostructures. 45 Wurtzite type ZnO is a II-VI wide band gap semiconductor belonging to the space group C 6v 4 , with two formula units in the primitive cell.
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According to group theory analysis, the zone centre optical phonons can be classied to the following irreducible representation: G opt ¼ A 1 + E 1 + 2E 2 + 2B 1 , where A 1 and E 1 modes are polar modes and both Raman and infrared active, and they can split into transverse optical (TO) and longitudinal optical (LO) phonons. The Raman active phonon of the A 1 branch is polarized in the z-direction, whereas the E 1 branch is polarized in the xy plane. 33 E 2 modes are only Raman active, non-polar modes and they have two wavenumbers, one with low frequency (E low 2 ) associated with the vibrations of the Zn sub-lattice and one with high frequency (E high 2 ) associated with the motion of oxygen atoms only. The B 1 modes are both Raman and infrared inactive and are known to be silent modes.
In order to investigate the inuence of size and shape on the Raman scattering of ZnO nanostructures, the room temperature non-resonant Raman scattering of all samples was measured in the range 50 to 2000 cm À1 and the spectra are shown in Fig. 8 (ae). According to DFT calculations, the second order phonon modes are divided into three regions: (i) the frequency range Fig. 7 Variation of microstrain, stress, and uniform energy density with the different solvents. between 160 and 540 cm À1 is associated with acoustic overtones, (ii) the frequency range between 540 and 820 cm À1 is attributed to the combinations of optical and acoustic phonon modes, and (iii) the high frequency region between 820 and 1120 cm À1 is formed by optical overtones and combinations.
To identify the individual phonon modes, each Raman spectrum was tted using the Lorentzian function and the decomposed spectrum of the UB sample is shown in Fig. 7 and LA overtones. The reason for the observation of B 1 silent modes and second order phonon modes are due to the breakdown of the translational symmetry of the lattice caused by defects or impurities which arise because of either the dopant nature or the growth conditions. 30 The phonon modes located at 699, 732, and 755 cm À1 can be ascribed to the combinations of acoustic and optical phonons of A 1 symmetry. Similarly, a three phonon combination mode, appearing in the higher frequency region at $1431 cm À1 , is ascribed to the A 1 (long) + E 1 (transv) + E 2 process. 35 Two phonon combinations modes, located at 679 and $835 cm
À1
, could be assigned to the vibrations of A 1 (long) + E 2 and E 1 (transv) + E 2 respectively. The second order multiphonon scattering mode, appearing at $935 cm À1 , could be assigned to the vibrations from 2E 2H + E 2L . The phonon frequency observed at higher wavenumber is known to be from a second order Raman process; in the present case, the peak observed at $1140 cm À1 is assigned to the 2LO vibrations. Fig. 9 represents the variations of microstrain and the E high 2 mode in the different samples. In general, the E high 2 mode is highly sensitive to the lattice strain. The increase of the lattice parameter c leads to tensile strain along the c-axis which causes a blue shi, and similarly a decrease of the lattice parameter c causes a compressive strain along the c-axis which results in a red shi of the E high 2 phonon mode (Table 1) . 31 Phonon life time. The phonon life time (s) can be deduced from the Raman scattering by using the energy-time uncer-
where, DE is the uncertainty in the energy of the phonon mode, ħ is the Planck constant, and G is the FWHM of the Raman modes in cm À1 . 32 The phonon life time is a combination of two characteristic decay times such as the anharmonic decay of the phonon into two or more phonons so that energy and momentum are conserved (s A ) and the perturbation of the translational symmetry of the crystals due to the presence of impurities, defects and isotopic uctuations (s l ). Thus the calculated phonon life time is an addition of these two characteristics decay times 1
The calculated phonon life time values are listed in Table 2 . FTIR spectra. The recorded FTIR spectra of the prepared ZnO nanostructures are displayed in Fig. 10 . Usually in inorganic species, the vibrational motions lie in the wavenumber range , and vibrational motion at higher wavenumbers can be assigned to organic species. All the spectra show an absorbance band at $460 cm À1 which is assigned to the E 1 (TO) mode vibrations of ZnO. 39 The broad bands at around $3400 and $1620 cm À1 could be assigned to the stretching and bending vibrations of H-O-H bonds, respectively. 46 The bands observed at $1350-1450 and $1550 cm À1 are assigned to the symmetric and asymmetric stretching vibrations of COO À modes from the carboxyl groups of the acetate in the metal precursors.
Optical properties
Absorption spectra. The optical absorption spectra of the samples prepared using various solvents are shown in Fig. 11(a) . The peaks appearing at 3.422, 3.576, 3.58, 3.601 and 3.622 eV correspond to the samples UW, UM, UB, UE and UI respectively, and are due to the free excitonic absorption of the ZnO nanostructures. All the samples exhibit an excitonic peak shi as compared with the bulk ZnO absorption (3.37 eV) which is due to the quantum connement effect. The ESI Fig. 5 † clearly shows that there is band gap tuning due to the variation in the particle size. Previous reports have revealed that the band structure of the ZnO is size dependent and the particle size strongly inuences the energetic position of the band edges.
2 The band gap is inversely proportional to the size of the particles through the relation:
where, E g is the bulk band gap, R is the particle size, m * e is the effective mass of the electron, m * h is the effective mass of the hole, 'e' is the charge of the electron and '3 N ' is the high frequency dielectric constant. The correlation of the calculated band gap values versus particle size using eqn (17) is shown in ESI Fig. 4 , † and this reveals the shis in the band edges as a function of particle size. The variation of the excitonic peak maximum and crystallite size in the different solvents is shown in Fig. 11(b) . This clearly shows that the band edge varies with respect to the particle size. Photoluminescence spectra. In general, ZnO nanostructures have two emission bands, the relatively weak and narrow ultra violet (UV) emission band and the much stronger, broader emission band located at around 400-600 nm. 47 Several works both theoretically and experimentally have reported the mechanism behind the origin of the broad visible emission from ZnO. 48 The origin of the visible emission is due to the recombination of a photogenerated electron from a shallow level which is very close to the conduction band with the deep traps in the single ionized oxygen vacancy sites and/or the single negatively charged interstitial oxygen ions. This visible emission has a longer life time than the UV emission, in the order of microseconds . 49 The UV emission band arises due to the radiative annihilation of excitons and the life time of this emission is very short, in the order of picoseconds. The PL spectra of ZnO nanostructures prepared using different solvents are shown in Fig. 12(a) . The spectra show two emission bands, the rst at around 385 nm, with low intensity, and the second centred at $530 nm with a broad band. These are assigned to the near band edge emission (NBE) and visible emission, respectively. The relative intensity of the visible to the UV emission (I vis /I UV ) strongly depends on the size of the particles, as shown in Fig. 12(b) .
The variation of intensity ration of visible to UV emission is indicated in Fig. 12(b) . It is clear that the ZnO nanoparticles prepared using isopropanol show a much higher intensity for the visible emission band than the exciton emission band. Interestingly, the visible emission band is gradually decreased for the samples prepared using ethanol, 1-butanol, and methanol and is completely absent for the UW samples. This phenomenon can be explained using size effects. The band appearing below the conduction band edge (2 eV) is assumed to be the recombination centre V o + for the visible emission. The recombination of a conduction band electron with a V o ++ centre can yield a photon with energy of 2 eV. The V o ++ centre can be created by the trapping of a hole in the V o + centre, and the probable hole trapping site is on the surface of the particles.
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When the particle possesses a large surface to volume ratio, efficient and fast trapping of photogenerated holes results at surface sites. The rate of the surface trapping process and defect concentration decreases as the particle size increases due to the decrease of surface to volume ratio. 48 In the present case, the UI sample exhibits a high intensity visible emission band, this is gradually decreased for UE, UB and UM and is completely absent for UW samples. This is because of the reduction of possible trapping surface sites which results in the decrease of visible emission band intensity.
Conclusion
In summary, ZnO nanostructures were prepared by the low frequency (42 kHz) ultrasound route using various organic solvents as the reaction media. Lattice and microstructural parameters such as microstrain, stress, and energy density of the prepared ZnO nanostructures were extracted from X-ray diffraction (XRD) analysis. TEM images revealed morphological changes involving a spherical to triangular shaped structure, and the size of the nanoparticles was found to be dependent on the organic solvent used. Raman spectral measurements revealed that the changes in the phonon mode are due to the variation of microstrain and the presence of multiphonon scattering. The intensity of the visible emission band was found to vary with the particles' size and morphology. The strongest visible emission band corresponded to the smallest size with the largest surface/volume ratio. This could be attributed to the trapping of surface oxygen vacancies. 
